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Results:
For a freely diffusing small solute, the flow of maternal blood through the 23 intervillous space was found to be limiting the transfer. Ignoring the effects of maternal flow 24 resulted in a 2.4 ± 0.4 fold over-prediction of transfer by simple diffusion, in absence of 25 binding. Villous morphology affected the efficiency of solute transfer due to concentration 26 depleted zones. Interestingly, less dense microvilli had lower surface area available for 27 uptake which was compensated by increased flow due to their higher permeability. At 28 super-physiological pressures, maternal flow was not limiting, however the efficiency of 29 uptake decreased.
Introduction 36 The placenta is the interface between the mother and the fetus and adequate placental 37 function is necessary for fetal growth. Placental structure has been shown to be altered in 38 babies who grow poorly in the womb and in response to maternal disease and lifestyle 39 factors [1] . Understanding whether these changes in placental structure help or impair 40 placental function, particularly in terms of gas and nutrient transfer, is an important 41 question. Improved imaging techniques are allowing detailed 3D imaging of the placental 42 villi over wider areas which now allow detailed mathematical modelling of these processes 43 to predict how changes in placental structure may affect placental function. 44 The human placenta is heamomonochorial, meaning that maternal blood containing 45 the solutes and gases required by the fetus are in direct contact with the fetal tissue [2] . 46 Maternal blood enters the placenta through spiral arteries and percolates through the 47 placental villi for solute exchange to occur. The placental villi form tree like structures, 48 which contain fetal blood vessels surrounded by the placental syncytiotrophoblast, which 49 forms the primary barrier and exchange surface in the placenta. The syncytiotrophoblast 50 forms a selective barrier between the maternal and fetal circulations, transfer of gases 51 occurs by flow limited diffusion, while nutrients and waste products must be transported 52 across the placental barrier. Terminal villi, at the tips of the villous trees, are believed to be 53 the primary site of solute exchange as the diffusion distance between the two circulations is 54 least [3] . 55 Mathematical modelling approaches allow testing of hypotheses in a way which 56 compliments experimental findings, or where experimental approaches are challenging. 57 Previous models of placental transfer have represented very useful 1D, 2D or representative 58 3D approximations [4] [5] [6] [7] [8] [9] [10] [11] . However, the specific 3D morphology of the placenta is likely to 59 play a key role in the overall transfer, both locally at the microscale as well as at the 60 macroscale. Recent advances in imaging technology have allowed 3D image based models 61 to be developed. For example, maternal flow has been modelled to study the shear stress 62 exerted by the maternal blood on the villous surface [12, 13] . However, these studies did 63 not include solute transport. On the other hand, the villous barrier and fetal flow were 64 modelled to determine the relationship between fetal capillary structure and transfer in the 65 terminal villi [14-16]. However, these studies did not incorporate the maternal flow and 66 instead assumed a fixed solute concentration on the maternal facing surface of the villi, 67 leaving a gap in our knowledge that needs to be investigated further. 68 The objective of this study is to evaluate the effects of maternal blood flow in the 69 intervillous space on the placental transfer of solutes, modelling both maternal flow as well 70 as solute transport, using 3D image based models of the placental microstructure. With the 71 term solute, we will refer to any small molecular species whose transport mechanism can be 72 described by simple diffusion, e.g. anaesthetics and other gases. 73 The hydraulic permeability of the maternal circulation associated with the placental 74 microstructure was estimated and the placental uptake was calculated as a measure of 75 transfer for a generic solute. In particular, the effect on uptake was assessed of different 76 maternal blood flow rates below and above the normal physiological range.
77

Methods
78
3D reconstruction of the placental microstructure 79 Tissue was collected from healthy term placentas after delivery with written informed 80 consent and ethical approval from the Southampton and Southwest Hampshire Local Ethics 81 Committee (11/SC/0529). 82 Samples were collected within 30 min of delivery and villous tissue was dissected and fixed 83 in 4% paraformaldehyde in PBS at 4°C overnight and then stored in PBS at 4°C. Villous 84 fragments were dissected form the fixed tissue and permeabilized in 1% triton X-100 for 2 h, 85 washed in PBS, and incubated overnight with 10 μg/ml Biotin-Datura Starmonium Lectin 86 (DSL, Vector laboratories) which binds specific carbohydrates on the syncytiotrophoblast; 10 87 μg/ml Rhodamin-Pisum Sativum Agglutinin (PSA, Vector laboratories) which binds specific 88 carbohydrates in the stromal tissue; 10 μg/ml FITC-Aleuria Aurantia Lectinto (AAL, Vector 89 laboratories) which binds specific carbohydrates on the fetal capillary endothelium. Samples 90 were washed in PBS and incubated with Strptavidin-680 (Licor) and 11 nmol/l DAPI for 2 h 91 then washed in PBS. Samples were cleared through a series of 10%, 25%, 50% and 3 x 97% 92 2, 2′-thiodiethanol (TDE, Fisher Scientific, UK) in PBS for at least 30 minutes per step. 93 Samples were stored in 97% TDE at 4°C until imaging. 94 The placental villous fragments were imaged with a Leica TCS SP5 laser scanning confocal 95 microscope. For each batch a control sample run without lectin or primary antibody (but 96 including DAPI and any secondary antibodies) was imaged and this sample was used to was segmented separately using manual thresholding. Because the syncytiotrophoblast is 113 only a thin layer and due to variations in staining intensity, segmentation did not produce a 114 fully continuous layer. Therefore the syncytiotrophoblast volume was merged with the 115 stroma, representing the overall effective barrier for a small diffusive solute. Similarly, 116 depending on resolution and staining intensity segmentation of the capillary structure 117 displayed local discontinuities and the lumen could not always be distinguished. Therefore, 118 it was assumed that the endothelium was part of the volume of the placental capillaries. Absolute uptake q increased with flow and was observed to level off for high pressure 224 gradients (Fig. 3A) . On the contrary, relative uptake showed that the percentage of solute 225 input transferred to the fetus decreased for higher pressure (Fig. 3B ). uptake and would thus overestimate transfer under physiological flow conditions. This is further illustrated by the fact that only at very high flow rates simulations with or without 254 flow converged to the same maximum uptake values (Fig. 3A) , since intervillous 255 concentrations become uniform. 256 Flow simulations under physiological conditions resulted in an average blood velocity 257 of 0.1 cm/s in the intervillous space, which is in accordance with previous estimates [10, 12, 258 18]. Notably, the distribution of solutes in the intervillous space revealed local areas of 259 lower concentrations at steady state (Fig. 2B ). This indicated that the villous bulk may hinder 260 flow resulting in more stagnant regions, while the extended villi may be more exposed and 261 favour transfer. Indeed, by studying the uptake capacity of the villous barrier, the extended 262 terminal parts of the villi displayed a larger uptake capacity (Fig. 2C) , which would likely be Uptake increased with flow, associated with the prescribed pressure gradients and 274 only levelled off at flow rates well above physiological to a constant level determined by the 275 resistance of the villous barrier (Fig. 3A) . Thus the maternal flow rate was the main 276 determinant of transfer, in accordance with literature [20] . Note that while for higher flow 277 rates the absolute uptake increased, the overall efficiency of uptake would be reduced, i.e. 278 the relative uptake decreased (Fig. 3B ) since the inflow of solutes was so fast that only a 279 smaller fraction could be absorbed by the villi. 280 Model parameters were based on oxygen due its small size and diffusive nature as 281 well as its biological importance. However, haemoglobin binding kinetics were not 282 considered, so results should be considered representative for a generic small solute. It is 283 expected that the much larger carrying capacity of haemoglobin would lead to reduced local 284 depletion and a more uniform distribution. Only diffusive transport through the villous 285 barrier was modelled, representing solutes with high membrane permeability. However, by 286 incorporating membrane transporter behaviour (e.g. facilitated diffusion), the model could 287 be applied to a wide range of solutes, such as amino acids and fatty acids [9, 21, 22]. 288 Importantly, fetal capillaries were treated as a perfect sink, i.e. kept at zero 289 concentration, which was a first practical assumption that allowed us to estimate the (Table 1) . Modelling larger representative volume sizes (Fig. 4) (Table S1) , associated with a loss of capillary detail. The 509 mesh coarseness did not have a significant impact on the permeability estimate (Table S2) , 510 while using a coarseness setting of -50 led to an over-prediction of the uptake (+18%) 511 compared to the finest mesh evaluated. Note that further mesh refinement is required for 512 uptake to demonstrate convergence, i.e. to see if uptake has fully stabilised. Overview of samples modelled 524 An overview of the different samples used to evaluate permeability and uptake is given in Fig. S1 , in 525 addition to the sample shown in Fig. 1B . The sample numbering corresponds to the results reported 526 in Table 1 , e.g. it can be observed that less dense samples have higher permeability. 
